One hundred and one years after J J Thomson was awarded the Nobel Prize for the discovery of the electron, the 2007 Nobel Prize for Physics was awarded to Professors Peter Grünberg and Albert Fert for the discovery of giant magnetoresistance (GMR) in which the spin as well as the charge of the electron is manipulated and exploited in nanoscale magnetic materials. The journey to GMR started with Lord Kelvin who 150 years ago in 1857 made the first observations of anisotropic magnetoresistance and includes Sir Neville Mott who in 1936 realized that electric current in metals could be considered as two independent spin channels. Modern technology also has a significant role to play in the award of this Nobel Prize: GMR is only manifest in nanoscale materials, and the development of nanotechnology growth techniques was a necessary pre-requisite; further, the considerable demands of the magnetic data storage industry to drive up the data density stored on a hard disk fuelled an enormous international research effort following the initial discovery with the result that more than 5 billion GMR read heads have been manufactured since 1997, ubiquitous in hard disks today. This technology drive continues to inspire exploration of the spin current in the field now known as spintronics, generating new ideas and applications. This review explores the science underpinning GMR and spintronics, the different routes to its discovery taken by Professors Grünberg and Fert, the new science, materials and applications that the discovery has triggered and the considerable potential for the future.
Scientific background
It seems incredible that the first observations of magnetoresistance in a magnetic material were made 150 years ago by Lord Kelvin [1] , 40 years before the electron was discovered by J J Thomson. Although the mechanisms responsible for anisotropic magnetoresistance (AMR) discovered by Kelvin and giant magnetoresistance (GMR) discovered by Grünberg [2] and Fert [3] are different, both are derived from the interaction of current carrying electrons and the magnetism of the host material. Magnetism in a ferromagnetic material arises from the spin-split band structure caused by a quantum mechanical exchange interaction between the electrons [4] . This results in a spin-polarized band structure in which there is an imbalance in the number of spin-up and spin-down electrons and consequently net magnetization, shown in figure 1. In AMR, the electron spin-orbit coupling results in a difference in the scattering cross-section when the electron current is parallel or perpendicular to the magnetically aligned atoms [5] . This effect is significant, although only of the order of a few per cent. GMR however is based on spin-dependent scattering, first investigated in bulk ferromagnetic materials in the 1930s by, for example, Englert [6] , Gerlach [7] and Potter [8] , and considered theoretically by Sir Neville Mott in 1936 [9] , whose work provided the foundation for Campbell and Fert in the 1960s and the 1970s to work on spin-dependent scattering [10, 11] .
There are a number of crucial factors that lead to this spin dependent scattering in metallic ferromagnets-all of which derive from the spin-split band structure in a ferromagnetic material shown in figure 1. The first lies in the fact that these ferromagnets are transition metals, with a relatively high resistivity compared with noble metals-the reason for this resistivity, despite a similar conduction electron number density, is the availability of unoccupied states in the part-filled d bands for scattering into, reducing the mean free path of the electrons. Secondly, it is these spin-split d bands that are responsible for ferromagnetism, resulting in a different density of states at the Fermi surface for spin-up and spin-down electrons and consequently a different scattering probability for spin-up and spin-down electrons. Usually, the scattering probability is greatest for the minority electrons. The final requirement for there to be little spin-flip scattering allowing the spin-up and spin-down conduction electrons to be considered as two independent current channels. From these basic ideas it is also possible to understand why similar effects are not observed in ferromagnetic rare earth metals, while Figure 2 . A schematic representation of GMR using a simple resistor network model. In the left picture, the spin-up channel is the majority spin channel in both the ferromagnetic layers, experiencing a low resistance (R ↑) throughout the structure. In the right-hand picture the spin-up channel is the majority spin channel (R ↑) in the first magnetic layer but the minority-spin channel (R ↓) in the second magnetic layer and vice versa for the spin-down channel. Neither spin channel is of low resistance throughout the structure and the overall resistance state of the structure is high. GMR occurs when the relative orientation of the magnetic layers is switched, usually by the application of a magnetic field.
although having a spin-split part-filled 4f band, it is well buried in the band structure and does not provide a significant scattering probability.
The combined effects of this spin-dependent scattering result in the spin filtering of the electron current when it passes through a ferromagnetic material, with the minority electrons experiencing more scattering. A GMR material exploits this spin-dependent scattering in a specially designed and fabricated structure. The simplest, a magnetic bilayer structure, can be modelled using a resistor network (figure 2 and equation (1) ) in which the independent spin-up and spindown electron current channels are represented by two parallel circuits and the resistance of the different layers represented by resistors:
In the first case, the magnetic layers are aligned parallel and the two spin channels experience quite different scattering.
One of the electron channels will be the minority electron channel, experiencing significant scattering in both the layers, whereas the other channel will be majority electrons in both layers and will be much less scattered. Consequently the majority electron channel will dominate the conductivity in the parallel circuit and the combined structure will have a low total resistance. Conversely, in the second case, where the magnetic layers are antiparallel, both spin channels will in turn become majority or minority electrons as they travel through the different layers. Neither spin channel can therefore provide a low resistance path through the circuit and the combined resistance of the structure is consequently higher. GMR occurs when a magnetic structure is created which can be switched between the antiparallel and parallel alignment, thereby switching from a high to a low resistance state. The first independent observations of GMR by Grünberg [2] and Fert [3] were made on Fe/Cr/Fe trilayers and multilayers, respectively, reproduced in figure 3 . In both figures, the change in resistance is plotted on the y-axis as the magnetic layers are gradually aligned in the applied magnetic field, plotted on the x-axis. Note that two different definitions of GMR are in common use, and in fact both were used in these original reports. In the Fert graph the change in resistance is divided by the resistance in the antiparallel state (zero applied field), and in the Grünberg case, the change in resistance is divided by the resistance in the parallel alignment (high applied field) case. The larger effect observed in the Fert experiments is due to the multilayered structure and the lower measurement temperature of 4.2 K. Having succeeded in making the first observations of the Damon-Esbach surface mode in EuO by light scattering, the group went on to study coupled Damon-Esbach spin waves in bilayers of ferromagnetic materials separated by a thin, non-magnetic metallic layer. Using the Landau-Lifshitz equation, they predicted the form of optical modes in the cases where the Fe layers would be oriented parallel (ferromagnetic coupling) and antiparallel (antiferromagnetic coupling) and successfully observed the ferromagnetic case. However, at that time the only known forms of magnetic coupling both resulted in ferromagnetic order. They were pin-hole coupling, caused by direct magnetic bridges formed through compromised interlayers, and Néel coupling resulting from the effect of the stray magnetic field from one ferromagnetic layer on the other. Realizing that Fabry-Perot interferometry could distinguish between these different types of coupling, they began an investigation of coupling in ferromagnetic bilayers. Whilst studying the variation in coupling as a function of interlayer thickness in the Fe/Cr/Fe system, they observed the predicted signature of antiparallel layer orientation and thereby discovered synthetic antiferromagnetic exchange coupling [12] . At the same time, similar discoveries of antiferromagnetic exchange coupling were made in the rare earth multilayer structures of Gd/Y [13] and Dy/Y [14] . It was eventually realized that in all these cases, exchange coupling is an extension of the Ruderman-Kittle-Kasuya-Yosida [15] coupling responsible for magnetic order within magnetic rare earths. This originates from spin polarization induced in the interlayer by the ferromagnetic layer setting up a spin-density wave. The relative orientation of the layers will depend on multiple quantum interference effects [16] of the electrons reflecting from internal interfaces, resulting in an oscillatory coupling as clearly demonstrated by Parkin [17] and illustrated in figure 4 . This was further very visually illustrated using a variety of experimental techniques such as Brillouin light scattering [18, 19] , the magneto-optic Kerr (MOKE) effect and scanning electron microscopy with polarization analysis [20] . The oscillation of exchange coupling between Co layers across different spacer layers determined by the magnetic field required to reach 80% of the saturation magnetic moment. Note the period of oscillation of the coupling from ferromagnetic (low saturation field) to antiferromagnetic (high saturation field) is similar at about 1 nm for all the elements presented. This was part of an extensive study of many different ferromagnetic and spacer layers by Parkin [17] . (Reprinted with permission from figure 2 of [17] . Copyright 1991, American Physical Society.)
The journey to the Nobel Prize
In a phenomenal series of experiments, Parkin investigated the dependence of coupling on different ferromagnetic and nonmagnetic layers showing that to a reasonable approximation the oscillation period of about 1nm is common to most material combinations [17, 21] , figure 4. Having established antiferromagnetic exchange coupling, Grünberg, looking for other material properties that could be studied in these new magnetic multilayers, turned to electrical magnetotransport studies, resulting in his discovery of GMR in 1988 as shown in figure 3 [2] . They also used their light scattering technique to show the correlation between the coupling state of the ferromagnetic layers and the electrical resistance of the structure; the coupling peaks can be seen in the insets of figure 3(A). Realizing the potential for exploiting this magnetoresistance effect as a commercially useful magnetic sensor, he filed a patent in April 1988 [22] .
Albert Fert's journey to the Nobel Prize
Albert Fert began his research on spin-dependent scattering during his PhD. Stimulated by Mott's theoretical ideas of the two-spin-current model from the 1930s [9] , he and Ian Campbell exhaustively studied spin-dependent scattering in ferromagnetic metals, and in particular spin-dependent impurity scattering [10, 11] . They proved that spin-down and spin-up electrons behave as two independent spin-dependent current carrying channels and determined different spinscattering asymmetries for a wide range of different impurities. They proposed a variety of different ternary alloy structures, in which by doping Ni with mixed impurities with different spin asymmetries a different spin-dependent scattering would result [23] . These ideas were a clear pre-cursor to GMR, but the next steps required the creation of nanoscale metallic thin Figure 5 . The principal constituents of a GMR or spintronic device. The current is first spin polarized by a ferromagnetic material, indicated by the upwards arrow, and then injected into a non-magnetic spacer layer. The spin orientation in the spacer layer will decay due to spin-flip scattering over the length scale of the spin-diffusion length, and it is important that this spin memory is retained by the time the electrons reach the second ferromagnetic layer, or analyser.
films-the growth of which was very much in its infancy at the time.
As thin film growth technology, especially molecular beam epitaxy, improved to the point where nanoscale magnetic thin films and multilayers could be grown with great precision, the opportunities for designing magnetic materials became an experimental reality. When Grünberg published his paper in 1986 on antiferromagnetic coupling in Fe/Cr/Fe layers [12] , Fert realized that at last he could design and test structures that might exhibit interesting spin-dependent scattering effects-and thus he discovered GMR in Fe/Cr/Fe multilayers as shown in figure 3 (B) [3] .
Different GMR geometries and structures
Although the discovery of GMR was made in antiferromagnetically coupled magnetic multilayers-this sample structure is not a pre requisite for the effect. The crucial factors are that the current carrying electrons must be spin polarized by a ferromagnetic material, that this spin polarized current pass through at least one other ferromagnetic material where its scattering is determined by the local magnetic orientation (spin detection) and finally that the spin-polarized current must retain its spin whilst travelling between the two magnetic regions. The spindiffusion length, l sf , characterizes the distance over which this spin memory decays. Further, the relative magnetic orientation of the ferromagnetic polariser and detector must be altered by the application of a magnetic field. These major features of a GMR device are schematically illustrated in figure 5.
Domain wall resistance and nanoconstrictions
We should first ask why GMR is not routinely observed in any ferromagnet with a magnetic domain structure with the different 'layers' corresponding to magnetic domains. A 'GMR' effect might then be observed as the magnetic domains are aligned with an applied magnetic field. However, magnetic domains are separated by domain walls, within which the magnetic orientation of the magnetic atoms rotates [4] . Depending on the magnetic properties of the material, such as the strength of the exchange energy and the local magnetic anisotropy, the domain wall width can be relatively wide, typically 40nm for bulk Fe. If the orientation of the spin of the current carrying electrons is able to follow this local moment rotation, they will remain majority electrons throughout, thus preventing any GMR-like effects occurring. The presence of a nanoscale non-magnetic interlayer in a magnetic multilayer structure removes the domain wall and allows a rapid switch in local moment orientation which results in GMR.
However, with careful control over the dimensions of the domain wall, it is possible to investigate the magnetoresistance through a domain wall. This normally means restraining the domain wall, for example, in a thin film with perpendicular anisotropy or in a carefully designed nanostructure. An excellent review of this topic is given by Marrows [24] . In the diffusive regime, there is now reasonable consensus that the prime reason for domain wall magnetoresistance is the mistracking of the electron spin as it traverses the domain wall as described above and illustrated in figure 6 [25], Levy and Zhang [26] , Gregg [27] .
By constraining the domain wall still further, for example, by creating a nanocontact between lithographically created nanowires, it is possible to enter a ballistic regime where conductance is affected by the availability or otherwise of quantum conduction channels which can be highly spin-polarized. This research area of ballistic magnetoresistance (BMR) was triggered by Garcia et al [28] in 1999, who reported a magnetoresistance of 280% in Ni nanocontacts in applied fields of only 120 Oe at room temperature (shown in figure 7 ), and treated theoretically by Bruno [29] . However, there remains much debate about the detailed mechanisms responsible-partly due to the difficulties in deconvoluting the various effects experimentally [24] .
Magnetic multilayers and spin-valves
In order to appreciate the impact of the device structure on the GMR some consideration must be given to the electron scattering mechanisms and where they take place. Scattering processes may be elastic or inelastic and may or may not result in momentum change or spin flipping [30] . Consequently, they will affect in different ways the electron mean free path, the diffusion constant or the spin-flip scattering time. Importantly, scattering will also occur at the surfaces and interfaces of the material as well as within the bulk. The different length scales that result from these processes determine the GMR behaviour of the device.
The electrons must travel through the entire structure whilst maintaining their original spin orientation in order for them to experience spin-dependent scattering in the different layers. For multilayer structures where the net electron current Figure 8 . Schematic diagram of the principal two geometries of GMR. In the first picture the net current direction is in the plane of the layers and it is important that the mean free path of the electrons is longer than the sum of the layer thicknesses so that the electrons sample the different layers. In the second picture, the net current direction is perpendicular to the layers and the critical length scale becomes the spin-diffusion length.
direction is in the plane of the layers (current in the plane or CIP geometry), this means that the electron mean free path (typically only tens of nanometres) should be longer than the total thickness of the multilayer structure as indicated in figure 8 . Where contacts are made to the top and bottom of the structure and the net current direction is perpendicular to the layers (current perpendicular to the plane or CPP geometry, figure 8 ) [32] the critical length scale is usually the spindiffusion length which is related to the mean free path as
where v F is the Fermi velocity, τ sf is the spin-flip relaxation time and λ the electron mean free path. The discovery of antiferromagnetic coupling was critical to the discovery of GMR, providing as it did antiparallel alignment of the magnetic layers which could be overcome by an applied magnetic field. However, antiferromagnetic coupling itself is not a prerequisite for GMR. In fact the strength of antiferromagnetic coupling proved to be a problem in the development of GMR materials for magnetic sensors as a considerable magnetic field is often required to overcome the coupling exchange energy. A different way of achieving antiparallel alignment, which could easily be removed with the application of a magnetic field, was therefore sought and extremely successfully implemented by researchers at IBM. The new multilayer structures [31, [33] [34] [35] , called spin-valves, typically consist of a ferromagnetic layer pinned by direct exchange coupling to an antiferromagnetic layer and separated by a decoupling non-magnetic layer from an unpinned and magnetically soft 'free' ferromagnetic layer, easily switched by a small applied magnetic field (illustrated in figures 9 and 17). It is also possible to achieve similar effects by creating magnetic multilayers with alternating soft and hard magnetic materials such that there are parts of the hysteresis curve where there is antiparallel alignment of the layers [36] .
In the early 1990s, there was considerable debate on the location of spin-dependent scattering: did it originate within the 'bulk' of the thin film or was it dominated by interfacial Figure 9 . Typical magnetic and magnetoresistive behaviour of a spin-valve with structure: Si/NiFe(15 nm)/Cu(2.6 nm)/NiFe(15 nm)/ FeMn(1 nm)/Ag(2 nm). The bottom NiFe layer is free to rotate in a small magnetic field, whereas the upper NiFe layer is pinned to the antiferromagnetic FeMn layer by exchange biasing until much higher magnetic fields are applied. This results in a rapid switching between parallel and antiparallel alignment and consequently low and high electrical resistance in small applied magnetic fields. The magnetic field is applied along the easy axis antiparallel to the exchange field created by the FeMn layer. (Reprinted with permission from figure 1 of [31] . Copyright 1991, Elsevier.) scattering. The answers determine the optimum structure for the multilayer. In general, spin-independent scattering is detrimental to GMR-reducing the electron mean free path and the spin-diffusion length without contributing any spin-dependent effects. Such scattering often results from the microstructure such as vacancies, defects, roughness and dislocations. These can often be relieved by careful growth or materials processing, by annealing for example. However, scattering within the ferromagnet or at an interface may be spin dependent, thereby making a positive contribution to GMR. This importance of interfacial scattering was very nicely demonstrated in a set of experiments by Parkin in which a variable thickness, very thin, layer of various ferromagnetic materials was inserted at the interface of ferromagnet/nonmagnetic/ferromagnetic sandwiches [37] . Spin-dependent scattering arises from the band structure, for example, if there is a matching of the electronic potentials in one spin direction and not in the other. This can also occur at an interface or at impurity sites where there is band matching between two elements, for example, in the Fe/Cr system there is good band matching for the spin-down band, but poor matching for the spin-up band. The reverse situation occurs for the case of Ni or Co interfaced with Cu where it is the spin-up band of the ferromagnet that is full, as can be seen from the Co and Cu band structures illustrated in figure 1 .
The Co/Cu system is a particularly good system for GMR as there is also good lattice matching resulting in low dislocation density at the interface and consequently low spin-independent scattering. The high values of GMR possible in Co/Cu coupled multilayers at room temperature was demonstrated by Parkin et al [38] and illustrated in figure 10 . Reference [39] in particular presented room temperature GMR values in excess of 65% in Co/Cu multilayers where Fe buffer layers were used to produce layers with a very high degree of structural integrity. Interdiffusion at interfaces where the elements are miscible can complicate the situation further; alloying will change the band structure and consequently affect the scattering and also the magnetic behaviour. Often the Curie temperature is altered, for example, in Ni/Cu or Co/Cr, rendering the alloy non-magnetic at room temperature with significant consequences for both the spin-dependent nature of the scattering and the interlayer exchange coupling [40] . Detailed (and difficult) band structure calculations are necessary to predict the exact spin-dependent behaviour of a particular material combination at the interface [41, 42] .
There is ongoing effort to develop better ferromagnetic material combinations to increase spin-dependent scattering. One candidate group of materials are half-metals which have their majority-spin band entirely below the Fermi level and so have an insulating majority band, but a metallic minority band [43] . These materials should in theory provide 100% spin polarization. However, it is often the case that at the critical ferromagnetic/non-magnetic interface, the disrupted structure destroys the half-metallic behaviour. Progress is however being made, for example by Hwang and Cheong who measured an enhanced magnetoresistance in a CrO 2 based structure [44] .
Spin valves, uncomplicated by the presence of interlayer exchange coupling, provided an ideal structure for the study of both the source of the scattering and the impact of the layer thicknesses on the resulting GMR. These studies were comprehensively reported in a review by Dieny in 1994 [34] .
The thickness of the non-magnetic layer primarily affects the interlayer exchange coupling-either to decouple the layers in a spin-valve or to achieve the desired interlayer coupling energy in a coupled system. Increasing the thickness of the non-magnetic layer beyond what is required by these coupling considerations is usually detrimental to the GMR: typically the non-magnetic material has a higher conductivity than the ferromagnetic material and therefore has the potential to act as an electrical shunt. This effect must also be taken into account when deciding on a capping material for the structure. In addition, some non-magnetic materials, such as Au, have strong spin-orbit coupling and thus reduce the spin-diffusion length of the structure. These effects can be described by the following phenomenological equation [35] :
where t NM is the thickness of the non-magnetic layer, l NM is the mean free path of the electrons in the non-magnetic layer, t 0 is the effective thickness of the rest of the multilayer causing shunting of the electrical current and ( R/R) 1 is a normalization coefficient. In all cases, however, care must be taken that the non-magnetic layer is continuous, preventing direct magnetic pin-hole coupling which would result in ferromagnetic alignment of the magnetic layers. The GMR of a spin-valve typically increases with the thickness of the free ferromagnetic layer (t F ) to a maximum (t F < 10 nm) and then slowly decays. This is shown for three different ferromagnetic materials in figure 11 [34] . The position of the maximum arises from a number of different effects. The magnetic layers must be thick enough to provide sufficient bulk spin-dependent scattering: in practice this means that t F must be longer than the mean free path of the spin-down electrons. Figure 11 reveals the differences that result from the relative importance of bulk versus. interfacial spin-dependent scattering in the material. For permalloy (Ni 80 Fe 20 ), for which bulk spin-dependent scattering is important, the maximum t F is greater than in the case of Fe for which there is very little bulk spin-dependent scattering. The minimum t F required for interfacial scattering is determined by the thickness required to create a 'bulk-like' electronic band structure for the ferromagnetic material at the interface. In ferromagnetic bilayer (or sandwich) structures, such as those initially studied by Grünberg, surface scattering starts to become significant, and t F must now be longer than the mean free path of the spin-up electrons.
As t F is increased beyond its optimum value, then the ferromagnetic layer itself will also act as an electrical shunt and so the GMR will decrease. This effect is more significant in a multilayer structure for which the number of interfaces sampled by the current carrying electrons will reduce as the overall thickness of the structure exceeds the electron mean free path. The dependence of the GMR on the thickness of the ferromagnetic layer is reasonably well described by the following expression [45] :
where t F is the thickness of the ferromagnetic layer, l F is the mean free path of the electrons in the ferromagnetic layer (see [34] for a discussion of which spin channel dominates the behaviour), t 0 is the effective thickness of the rest of the multilayers causing shunting of the electrical current and ( R/R) 0 is a normalization coefficient. The impressive control that modern growth technology allows enables a GMR structure to be designed taking into account all these different parameters thus optimizing the response for a particular application. For example, an effective way of benefiting from the soft magnetic properties of Ni 80 Fe 20 , avoiding the problems of interdiffusion at the interface with Cu and exploit the effective spin-dependent scattering at the Co/Cu interface is to construct a Ni 80 Fe 20 /Cu multilayer with a thin layer of Co 'dusting' the interface [37] .
Granular GMR materials
Provided the basic criteria for GMR are satisfied, the layering of the different materials is not required. This was first demonstrated in 1992 by Berkowitz et al [46] and Xiao et al [47] both of whom created GMR single film materials from heterogeneous alloys in which single domain ferromagnetic particles are embedded in a non-magnetic matrix. The attraction of these materials is that they can be very easily manufactured, provided the ferromagnetic and non-magnetic materials are immiscible, using techniques such as codeposition-or even mechanical alloying to produce a bulk material with a nanoscale microstructure [48] . The critical length scales in granular systems are the particle diameter, analogous to the thickness of the ferromagnetic layer, and the inter-particle separation, analogous to the thickness of the non-magnetic layer. The particles must also be small enough to be single domain. A comprehensive theory of the GMR in granular systems is given by Zhang and Levy [49, 50] . The GMR in granular systems is especially sensitive to the magnetization process and in particular to any interactions between the particles-so much so that the GMR can be used as a sensitive probe of the magnetic correlations between the particles [51] .
Theories of GMR
As GMR arises from the detailed properties of the electronic band structure of both the ferromagnetic and non-magnetic elements, there is clearly good reason to develop a full quantum mechanical treatment of GMR. However, a great deal of physical insight can be gained from a semi-classical treatment of GMR. In particular, quantum mechanical models can be used to treat the scattering and then employed within the classical dynamics of electron transport theory using the Boltzmann equation. Which model is appropriate depends on the dominant critical length scale for the particular structure. If the total structure is thinner than the mean free path of both spin channels, then the simple resistor model, equation (1) , can be employed-however this condition is rarely met. An excellent review of the various theoretical approaches to modelling GMR is given by Tsymbal [52] .
The first semi-classical free-electron model of the GMR was developed by Bob Camley from the USA and Josef Barnaś from Poland who were visiting Peter Grünberg in Jülich in the late 1990s [53, 54] . They successfully used the Boltzmann transport equation to describe the GMR in CIP structures and by using the Fuchs and Sondheimer formulation they were able to take into account the finite thickness of the films and consider reflection, transmission and diffusive scattering at the surface and interfaces and also incorporate spin-dependent mean free paths. By fitting to the experimental data they determined a number of key parameters. In particular they identified diffusive scattering at the interfaces to be the primary mechanism for the GMR in the Fe/Cr/Fe system, deducing that there was more than a five-fold difference in the scattering of the spin-up and spin-down electrons. In contrast, in Ni 80 Fe 20 , spin-dependent scattering within the ferromagnetic layer was found to dominate. In these early models, the additional presence of AMR was ignored, leading to some deviations between the theory and the experiment. The model qualitatively accounts for many of the features and trends of GMR, although caution must be taken in attempting to extract quantitative parameters. In the CIP geometry, the current and the magnetic field can be assumed to be uniform in the direction of the transport which is the plane of the multilayer. The situation is more complex in the CPP geometry where the net transport direction is perpendicular to the plane of layers and along which the structure is non-uniform.
In 1993 Thierry Valet and Albert Fert published a semiclassical model for use in the CPP geometry, using the Boltzmann equation also but with the addition of spindependent electrochemical potentials [55] . The ideas of spin accumulation proved to be particularly applicable for the CPP geometry, and then later for the consideration of spin injection in spintronic materials. In a CPP structure, the spin-filtered current is injected into a non-magnetic material transferring with it spin-angular momentum and creating spin accumulation. The size of the spin accumulation is determined by the rate at which the spins are injected and their decay by spin-flip processes as they move away from the interface. The spin-diffusion length, l sf , characterizes the distance over which this spin accumulation exponentially decays away from the interface as n = n 0 e −x/l sf , where n is the spin-electron density at a distance x away from the interface and n o is the electron spin density at the interface. In the Valet and Fert model, the assumption is made that the spin-diffusion length is much longer than the electron mean free path, and the electrochemical potentials of the two spin channels are treated independently. They showed that if the mean free path is shorter than the spin-diffusion length, a macroscopic model can be used. Johnson and Silsbee [56, 57] and van Son et al [58] had already developed such a macroscopic model for the interface resistance and extended it to multilayers by summing the interface resistances in series [59] . Valet and Fert demonstrated that it is necessary to take into account the overlapping spin accumulations at successive interfaces to correctly model the CPP-GMR. This model also provided an invaluable tool with which to separate the effects of bulk and interface scattering [60] .
As the film thickness becomes comparable to the mean free path, quantum mechanical effects become increasingly important, leading to the discretization of energy levels. The critical parameter is when the energy splitting of the subband becomes comparable to the lifetime broadening due to scattering-a condition that becomes more likely when a realistic defect density is considered. In general both semiclassical and quantum free-electron models can be made to fit experimental data although they give quantitatively different results. A full spin-polarized band structure is needed to make quantitative predictions.
The first quantum free-electron model was created by Levy et al [61, 62] , modelling the electron transport, as with many other researchers, using the Kubo linear response theorem. In momentum space, they modelled the scattering of the electrons due to random-point scatterers using a spin-dependent scattering potential which contained both spin-dependent and spin-independent components. Different values could be assigned at different points in the structure such as the interface and the bulk and could be adjusted for different material combinations. This was a useful model and can be shown to reduce to the resistor model in the CIP geometry when the mean free path is greater than the layer thickness. In conjunction with Camblong [63] [64] [65] they used the same model in a real-space approach (negating the need for a local approximation for the conductivity). Their model provided reasonable agreement in both CIP and CPP with semiclassical models-if quantum interference and quantum size effects are ignored. Similar results were obtained by Vedyayev et al [66, 67] who considered bulk spin-dependent scattering in spin-valves. Zhang and Butler [68] calculated the positiondependent conductivity without vertex corrections and then, using a phenomenological imaginary part of the self-energy, compared results from different models concluding that if there are no potential discontinuities at the interfaces then quantum effects are averaged out and the semi-classical models work well. Attempts were made to consider the intrinsic spindependent electronic potential of the multilayer by Zhang and Levy [69] using the Kronig-Penney model in momentum space and by Bulka and Barnaś [70] in real space, but the full spin-polarized band structure calculation is really needed to be quantitative. The next level of complexity is to use single band models: of these, the tight-binding models are probably the most useful as they are well suited to numerical calculations and can also be generalized to a multi band model. These models include the Stoner exchange splitting of the spin band, which introduces disorder by randomizing on-site energies and impurities by adding different atoms to the host. Examples of these models are by Asano [71] and Itoh [72] who used a spin-dependent multilayer potential and of Todorov [73] who used spin-dependent band-widths. They were successful in revealing the microscopic origin of the spindependent scattering, but suffered from the lack of an accurate description of the spin-polarized band structure. Itoh improved the model by calculating the self-consistent electronic structure and magnetic moments at interfaces, enabling a study of the material dependence of GMR and thermopower [74] .
Even from the simple picture of GMR presented at the beginning of this review, it is clear that the d bands play a crucial role in the GMR. This role is considerably enhanced by the hybridization between the sp and d electrons. Only a multiband model is able to incorporate this information accurately into a theory. Recent decades have seen a significant advance in the calculation of realistic band structures able to reflect this reality. Most notable are the advances in ab initio electronic band structure calculations such as density functional theory, although multiband tight-binding models are still very effective. The difficulties in the modelling come not from the accurate description of the band structure, but in how to include the disorder. Most real structures behave diffusively and the GMR depends critically on the details of this disorder. There are a number of models which can incorporate specific types and locations of defects into the idealized structure: however, the detailed defect structure is often unknown in practice and the incorporation of the specific details therefore becomes unjustified. Realizing this, Tsymbal and Pettifor [75] [76] [77] used a simpler approach, which nonetheless introduced disorder into a realistic tightbinding band structure. They considered scattering from spinindependent scattering potentials allowing the spin dependence in the scattering to arise from the spin asymmetry of the density of states. They were able to predict values very close to experiments and demonstrated how sensitive the GMR is to the disorder in the system. Figure 12 shows the density of states, conductivity and both CIP and CPP GMR as a function of electron energy for both Co/Cu and Fe/Cr multilayers.
There are a number features still not included in these models such as magnetic disorder at the interface and the relativistic effects needed to describe the spin-orbit scattering important in the description of the spin-diffusion length. It is also true to say, with the difficulties in accurately describing the full structure, that most researchers still turn to the semiclassical models to interpret their results.
Related mechanisms
The discovery of GMR has stimulated research on the spin dependence of other transport phenomena-some intimately connected to GMR such as tunnelling magnetoresistance (TMR) and others with a completely different mechanism such as colossal magnetoresistance (CMR).
Tunnelling magnetoresistance
If the two ferromagnetic electrodes are separated by a thin insulating layer, then classical electron transport through the insulator cannot take place; however, if the insulating layer is thin enough, typically a few atomic layers, then electrons are able to tunnel through the insulating barrier into available electron states on the other side. The tunnelling process is therefore dependent on the available electron states in the ferromagnetic electrodes, and, as has recently been shown, on the available channels in the insulator. We are now concerned with spin-selective band matching rather than spin-dependent scattering: however the magnetic dependence of the process is similar to a GMR structure in that the electrical resistance of the device is usually high when the magnetic orientation of the ferromagnetic layers is antiparallel and low when they are aligned. A simple picture of spin-dependent tunnelling is shown in figure 13 .
The first work on TMR was in fact done as early as in 1972 on granular Ni-SiO 2 films [78] and then in the more familiar thin film sandwich structure in 1975 by Jullière [79] and by Maekawa and Gafvert in 1982 [80] . Although reporting significant results, e.g. 14% TMR in Fe/amorphous Ge/Co [79] , the experiments were carried out at a low temperature and their significance was not widely recognized until interest in magnetoresistance was stimulated by the discovery of GMR. In addition, the controlled growth of thin insulating tunnel barriers was a considerable technological challenge, and one that was initially not seen as having anything other than an academic interest. This changed in 1995 when Moodera et al [81, 82] published room temperature TMR results: 12% in CoFe/Al 2 O 3 /Co, and Miyasaki et al [83] 18% TMR in Fe/Al 2 O 3 /Fe. These first generation TMR devices rely on amorphous insulating tunnel barriers and with improved growth techniques were developed to routinely deliver high TMR values of typically 50% in patterned devices.
As early as in 1999, first principles theories revealed the importance of the detailed electronic and hence crystal structure of the insulating barrier and predicted dramatic enhancements of TMR in excess of 6000% for epitaxial Fe(1 0 0)/MgO(100)/Fe(1 0 0) structures [84] [85] [86] [87] . Values of 1000s of per cent have not been experimentally realized as yet, but values in excess of 200% have. The reasons for lower TMR values in real samples are thought to be linked to modifications of the electronic structure at the interface-for example, the formation of FeO in Fe/MgO structures. The first experimental observations that the structure of the tunnel barrier has a strong influence on the TMR were made in 2001 in a collaboration between Fert's group in France and three groups in Spain [88] . They observed a significant enhancement of the TMR across epitaxial MgO barriers (60%) compared with amorphous Al 2 O 3 (13%). These measurements were at low temperatures, but in 2004 the community was rewarded with observations of dramatic room temperature TMR values of 200% across epitaxial MgO barriers both in Japan [89, 90] and at IBM in the USA [91] . The high degree of crystalline perfection necessary for these large enhancements is beautifully illustrated by transmission electron microscopy, reproduced in a review of TMR across crystalline MgO by Yuasa and Djayaprawira [92] , figure 14 .
The reasons for these very large TMR values are very clearly illustrated in the model simulations of Butler's models [93] . Figure 15 shows the tunnelling density of states and reveals that in the Co/MgO/Co system the tunnelling is dominated by the parallel majority-spin conductance, 1 . The other symmetries decay far more rapidly. The TMR therefore probes the spin-polarized density of states at the Fermi level for a particular symmetry.
These enhanced TMR results are not limited to MgO or Ge, and interesting effects are predicted for a wide range of insulators and semiconductor barriers. Similarly to Fert's initial work on spin-dependent impurity scattering, it is also possible to predict material combinations for which the tunnelling will be dominated by minority electrons. For example, de Teresa et al [94] showed that for Co, a positive spin polarization is expected at the interface with Al 2 O 3 , but a negative spin polarization is created at the interface with SrTiO 3 or Ce 1−x La x O 2 . Importantly, methods have now been found to grow textured MgO barriers on amorphous CoFeB electrodes [95] , opening the way for achieving large TMR values in commercial applications.
Colossal magnetoresistance
The discovery of GMR led to an increasing appetite for large magnetoresistance effects across the scientific community-this extended to more complex materials and the discovery of CMR hit the scientific headlines in 1994 with a thousand-fold magnetoresistance in La-Ca-Mn-O films [96] . There had, in fact, been an earlier report on a similar effect in magnetic semiconductor Nd 0.5 Pb 0.5 MnO 3 in 1989 [97] . The mechanism for CMR is, in fact, quite different from both TMR and GMR and is related to a magnetically induced metal-to-insulator phase transition. A recent review on magnetoresistance in the ferromagnetic manganites is given by Dörr [98] .
Thermal properties
It is also possible to observe the manifestations of GMR in other material properties such as thermal conductivity via the Wiedemann Franz law [99] . Further, when the interaction of electromagnetic radiation with the material is explored, it is found that at long wavelengths where only intraband excitations are possible, there is a simple relationship between the complex dielectric function and the optical conductivity [100] [101] [102] . This leads to a dependence of the refractive index on the electrical conductivity enabling a series of non-contact probes of magnetoresistance to be developed in the far infrared region of the spectrum [103] [104] [105] .
Applications
The discovery of GMR was not driven by a technological need-but its rapid development was. Unlike many scientific discoveries for which future applications are predicted or sought, GMR landed right into a community desperate for a sensitive, nanoscale magnetoresistive sensor. This drove both theoretical and practical evolution of GMR in an international explosion of both academic and industrial research, with the result that the first commercial GMR read heads appeared in hard disk drives as early as in 1997. Now that GMR magnetic sensors are a mature technology, they are finding wider application and seeking also to make a further impact on the previous semiconductor domain of random access memory (RAM).
GMR and data storage
The technology of the read head in a hard disk has evolved considerably since the invention of the hard disk in 1956. A true nanoscale device, a modern read head will typically have more than a dozen nanoscale layers, controlled on the atomic scale, subject to more than 250 processing steps and in operation 'flies' typically 10-15 nm above the hard disk platter which is spinning at up to 15 000 rpm. A recent review on read head sensor technology is given by Childress [106] . A schematic diagram of the overview of the hard disk showing the disk platter, actuator and location of the read-write head over the spinning platter is shown in figure 16 and the structure of the complete read-write head in figure 17 .
The technology drive is for greater areal storage density, measured in Gb in −2 . This has risen from 0.132 Gb in
in 1991 to better than 500 Gb in −2 today, illustrated in the areal density growth curve from Hitachi GST in figure 18 . For an 80 Gb in −2 longitudinal bit hard drive, the lateral bit dimensions are 200 nm × 30 nm, demanding a recording head of similar dimensions. At the time that GMR was discovered, both the read and write components of the recording head used inductive technology. The inductive reading mechanism was the limiting factor to the increase in data density; compromised by lower magnetization, smaller dimensions and the faster data rate presented by the decreasing bit size. The first magnetoresistive heads were introduced in the early 1990s using AMR materials which, although offering magnetoresistance values of only 1-2%, increased the rate of increase of storage density and paved the way for the introduction of GMR heads.
Antiferromagnetically coupled GMR multilayers promised significantly higher signals compared with AMR materials, but the development of the spin-valve was required to increase the field sensitivity and generate a linear response. In the original CIP spin-valve, the pinned layer was exchange biased to an antiferromagnet. This structure evolved into a more robust synthetic spin-valve in which the pinned ferromagnetic layer is in turn antiferromagnetically coupled to a reference magnetic layer, decoupled as before from the free magnetic layer by a non-magnetic spacer layer. The complete CIP structure is shown in figure 19 .
The linear response is achieved by magnetically biasing the structure and ensuring that the combination of bias, anisotropy, current induced and demagnetizing fields act so that the free layer lies along the track direction, perpendicular to the reference and pinned layers which lie along the signal field. The free layer is then rotated by approximately 30
• during the read-back process as illustrated in figure 20 . These practical devices deliver up to 20% GMR.
As the bit size continues to decrease, CIP-GMR heads have themselves come up against limitations, primarily due to the degradation in performance that results due to edge effects, increased shunting of the electrical current and the effects on the sensor resistance due to the reduced sensor length. Many of these problems can be overcome in the CPP geometry where the current path is no longer along the sensor length and the geometry can be simplified by using the shields as electrical contacts. The structure of a CPP head is shown in figure 21 .
Both CPP-GMR and TMR-GMR effects can be employed in CPP heads, each with their own advantages and disadvantages. These are concerned with mainly the resistance area (RA) product, noise considerations and signal voltage. TMR heads have a considerable advantage in the signal voltage in that the TMR effect is usually greater than 20%. However, the intrinsically higher resistance of a TMR structure can cause noise problems and a high RC time constant reducing the operating bandwidth. Addressing the high RA product involves reducing the barrier height and the tunnelling barrier thickness: however the problem of shot noise, inherent to the tunnelling process, still remains. The processing challenges associated with commercializing a TMR head are quite considerable, although there is a slight advantage that the TMR effect itself is extremely localized at the junction. The case for CPP-TMR heads has been significantly enhanced by the discovery of exceptionally high TMR effects across crystalline MgO barriers and TMR effects as high as 150% have been achieved in devices with RA products as low as 2 µ m 2 [107] . CPP-GMR heads have an inherently lower RA product reducing noise and increasing the bandwidth. However, the GMR effect is similar to that of CIP, so that to achieve a usable signal voltage, high current densities must be used. The thermal effects of the high current densities are ameliorated by the substantial heat sink provided by the shields, but there remains the problem of the spin-transfer torque introduced by the spin-polarized current (see section 7) introducing an additional magnetic instability. It is possible to overcome this by using a dual spin-valve structure, at the expense of increasing the sensor stack size. Recently, there has been some success in increasing the GMR effect in all-metal structures by using ferromagnetic Heusler alloys [108] . Further improvement might be achieved by using a nano-oxide layer to confine the current [109] . Future directions in magnetic data storage technology, such as the move to perpendicular recording media, thermally assisted recording and patterned media, will still require a similar recording head technology. It is however difficult to imagine the current read head designs succeeding below dimensions of 30 nm.
GMR sensors
The successful commercialization of GMR sensors in hard disk read heads has opened the way to the application of GMR sensors in other situations where size, speed and sensitivity are important parameters [110] . Examples can be found in a wide variety of situations such as nanoscale arrays of GMR sensors for 100 µm scale spatially resolved eddy current detection [111] , biological sensors for molecule tagging [112, 113] , galvanic isolators [114] , traffic control, engine management systems, magnetic separation and electronic compasses.
Magnetic random access memory
In addition to the phenomenal contribution that GMR has made to magnetic hard disk storage devices, there has been considerable effort, especially by Motorola/Freescale, IBM [115] and Infineon, for developing a magnetic random access memory (MRAM) to compete with DRAM and SRAM which would have the advantages of non-volatility, radiation hardness and low energy consumption. In an MRAM device, magnetic tunnel junctions (MTJs) are both the storage and the read element. A typical MRAM architecture is shown in figure 22 [116] where the digital '1' and '0' states are achieved by an MTJ in either the parallel anti-aligned or the aligned state.
MTJs took over from GMR devices in MRAM applications due to their high magnetoresistance, high resistance, which makes them compatible with CMOS technology, ease of scaling to small dimensions and a weak variation with temperature. Developments in spin-transfer switching and the enhanced MR values found with crystalline and textured barriers have recently given new impetus to these developments.
Spin transfer and current induced switching
In 1996 theoreticians Berger [117] and Slonczewski [118] realized that a spin-polarized current was capable of inducing a spin-transfer torque which could be engineered to switch the magnetic orientation of a ferromagnetic layer-providing a method of switching a magnetic layer without the application of a magnetic field. The first experiments were conducted on magnetic pillars in 2000 by Katine et al [119] and a schematic diagram of their experiment and their results are shown in figure 23 . The nanopillars in these experiments contained two Co layers of different thickness separated by a non-magnetic Cu layer. Consider the situation where the two layers are initially antiparallel and the current travels from the thick to the thin layer. The current is spin polarized by the first Co layer and as it enters the second Co layer, its spin rotates due to the exchange interaction to become aligned with the local magnetization. However, due to conservation of spin, there is now a spin torque acting on the magnetization of the ferromagnet, which if the current density is high enough can be sufficient to switch the layer. The reverse is true when the ferromagnetic layers are parallel, then the spin-polarized current flowing from the thin layer to the thick layer will switch the thin layer into antiparallel alignment. The most direct way to detect magnetization switches is by the GMR that results from the change in the relative magnetic orientation of the two layers. These resistance changes are also shown in figure 23 .
Current induced switching provides a very attractive method for switching the GMR or TMR in a spintronic device without applying a magnetic field. This is particularly attractive for MRAM where the stray fields from the write current have the potential to switch neighbouring elements. It is also important to realize the potential of a high current density spin-polarized current to destabilize the magnetization of a ferromagnetic element. This is now a recognized instability problem in the sense layer of a CPP spin-valve. The technological challenge to achieving current induced switching is to provide sufficient current density, typically 10 7 A cm −2 , the solution usually being to pattern magnetic nanopillars. An alternative is to use a weaker ferromagnetic material such as Mn doped GaMnAs as demonstrated by Elsen et al , where switching was achieved at a much lower current density of 10 5 A cm −2 [120] . [119] . The ∼130 nm wide nanopillars were constructed by electron beam lithography, evaporation, lift-off and ion milling after first sputter depositing the multilayer structure: Si/Cu(120 nm)/ Co(10 nm)/Cu(6 nm)/Co(2.5 nm)/Cu(15 nm)/Pt(3 nm)/Au(60 nm). As indicated in the diagram, positive bias is defined as the electron flow from the thin to the thick layer. In the dV /dI curves, the light line shows the increasing current sweep and the dark line the decreasing current sweep. With the magnetic field applied, the Co layers are originally in the parallel aligned low resistance state when I = 0. When the current reaches a threshold value (I + ) the magnetization direction of the thin Co layer switches and the resistance increases. There are two jumps in resistance shown at approximately 9 and 13 mA for the H = 1200 Oe case. During the negative current sweep, the threshold current for the switch back to parallel alignment (I −) occurs at negative bias, giving hysteretic behaviour. The magnetization direction of the thick layer remains fixed throughout. Two sets of results are shown at different applied fields which have been offset for clarity. The inset table gives the critical current values at which the device deviates from the parallel configuration (I +) to the antiparallel configuration (I −) showing the higher current densities required for switching in higher applied magnetic fields. The bottom graph shows the magnetoresistance of the structure in zero bias. (Reprinted with permission from figures 1 and 2 [119] . Copyright 2000, American Physical Society.)
An interesting application of spin-transfer torque is in microwave generation where the spin torque induces magnetic precessions rather than irreversible switching [121] . This possibility arises from the interplay of the spin-transfer torque acting on the magnetic element as calculated by spin-transport equations and magnetization excitations generated by this spintorque described by non-linear dynamics. In simple spin torque systems, the precession regime is accessed above a Figure 24 . The results of Boulle et al [122] for the microwave power spectra of Co(8 nm)/Cu(10 nm)/NiFe(8 nm) nanopillars with 'wavy' angular dependence of the spin-transfer torque. Graphs (a) and (b) show the spectra for different currents in small applied magnetic fields with the insets showing dV /dI . In (a) the applied field is 2 Oe and in (b) the field applied of 43 Oe is calculated to give zero effective magnetic field taking into consideration the contribution from the dipolar field. Graph (c) shows the spectra for a current of 9 mA at different applied fields. (Reprinted with permission from figure 3 of [122] . Copyright 2007, Nature Publishing Group.) threshold magnetic field. However, in a recent work by Boulle et al voltage oscillations at microwave frequencies have been obtained without the application of a magnetic field [122] . Large angle magnetic precessions are achieved by designing structures with different spin-diffusion lengths (e.g. Co and NiFe) for the two ferromagnetic materials, resulting in a 'wavy' angular dependence of the torque. Figure 24 shows the characteristic precession peaks at different microwave frequencies for different current densities in zero applied field.
The next step in this research is to work on increasing the output power which is being addressed by synchronizing a number of these spin-torque oscillating elements electrically [123, 124] . 
Semiconductor and organic spintronics
GMR has directly led to a reassessment of how we can manipulate the electron in an electric circuit. The realization that the spin of the electron can be addressed to manipulate the spin of an electron as well as its charge has created a new wide-reaching research field of spintronics. Progressing beyond the early (and now usefully employed) all-metal GMR devices it is possible to envisage active semiconductor devices where the versatility of semiconductor device technology, such as the manipulation of the current using a gate voltage and the coupling to optics, can be given an extra degree of freedom by the electron spin. The first idea for a hybrid ferromagnetic metal/semiconductor device is credited to Datta and Das in 1990 [125] ; however, practical realization has proved a scientific and technological challenge. Their spinfield effect transistor (spin FET) in which spin-polarized electrons are injected into a 2-DEG channel has become an iconic spintronic device and is shown in figure 25 . Early successful devices progressively increased the functionality of the relatively simple all-metal GMR devices. The first 3-terminal device was created by Johnson [126] who made a third contact to the central layer of a GMR material creating an all-metal spin transistor-albeit with no gain. The spin-valve transistor shown in figure 26 [127, 128] was the first device to combine ferromagnetic and semiconductor materials and operated by sandwiching a spin-valve between two semiconductors creating different barrier height Schottky barriers at the interfaces. Transmission across the second Schottky barrier is controlled by the energy loss of the electrons as they traverse the spin-valve which in turn is controlled by the applied magnetic field. This transistor does provide a magnetically controlled current gain (although it is less than unity) and has potential as a magnetic field sensor. Gregg et al [129, 130] have designed and produced a Si based spin transistor which although not optimized does yield a current gain greater than unity and operates at useable currents. An optical device has been successfully created by Mostnyi et al [131] in which Fe is used to inject spin-polarized current into an LED across a tunnel junction, generating circularly polarized light. The challenges in developing hybrid spintronics devices are both scientific and technological. The biggest challenge is that of spin injection from a ferromagnetic material into a semiconductor-in such a way as to maintain a useful spin accumulation in the semiconductor, and the inverse problem of extracting the spin at the detection end of the device. The difficulties arise principally because most ferromagnetic material are metals with a considerably lower electrical resistance than a semiconductor. There are various materials solutions to this problem: develop a room temperature magnetic semiconductor thereby removing the material missmatch [132] [133] [134] ; use a ferromagnetic oxide material such as Fe 3 O 4 as the ferromagnetic material, thereby reducing the impedance missmatch [135, 136] or insert a Schottky or tunnel barrier at the interface between the ferromagnet and the semiconductor [137] [138] [139] . All these approaches have their merits and are being actively pursued. There are also considerations that must be made towards the geometry of the device. For example, if a tunnel junction is used to inject spins into a spin FET then the dwell time of the electrons becomes significant [140] . For the device to work effectively the spin lifetime must be much longer than the dwell time. This is difficult to achieve in lateral geometry and is one of the reasons why measured effects have not exceeded 1%. Vertical geometry is clearly preferable, but has its own technological problems, not least those of the quality of the semiconductor and its interface with the ferromagnet. In fact, the spin lifetimes in semiconductors, although still a constraining factor in the device design, are helpfully considerably longer than in metals. A beautiful series of optical experiments by Awschalom et al [141, 142] have very clearly revealed the longevity and robustness of the spin coherence in semiconductors.
Recently, the advantages of organic materials in spintronic materials have been recognized (reviewed in 2007 by Naber et al [143] . For example, carbon nanotubes and graphene have very long spin lifetimes (of order 50 ns) and high velocity. In 2007 Mathur et al reported a simple organic spintronic device in which two ferromagnetic manganite pads were connected by a multi-walled carbon nanotube and magnetoresistive effects of 61% at T = 5 K observed [144] . Comprehensive reviews and summaries of spintronics can be found in Awschalom [145] , Gregg [30] , Jonker and Flatte [140] ,Wolf [114] , Xu [146] and Zutic [147] .
Working with electrons offers the potential for scaling down to single electron devices and spin-dependent Coulomb blockade. The construction and measurement of such devices is a considerable challenge, but work on single electron transistors is an area of continuing interest and challenge [148] [149] [150] . Electron spins have also found a niche in the challenging search for a quantum bit in the design of a quantum computer. In one proposal, the spin confined in a quantum dot has been proposed as a candidate [151] and in another the quantum bit is a phosphorous nucleus embedded in Si which communicates via the hyperfine interaction with localized electron spins and by the exchange interaction with neighbouring spins [152] .
Concluding remarks
The discovery of GMR and the accompanying antiferromagnetic coupling provided the stimulus for a new outlook on electron transport and the magnetic properties of materials. An understanding of the mechanisms responsible and the practical ability to prepare and characterize nanoscale materials stimulated creativity and the realization of designer magnetic materials. The pace of development was unquestionably driven by the rigorous demands of the magnetic data storage industry which made the GMR sensor a practical entity and a true nanoscale device. The journey into this new field of spintronics has been rich and rewarding and continues to provide new ideas, possibilities and increasingly widespread applications. Along the way we have seen quantum mechanical magnetic tunnel junctions manufactured on a commercial scale, used the spin of the electron to reverse a magnetic moment and witnessed an enormous international effort to find new magnetic materials such as magnetic semiconductors tailored for our needs. All of our creative expertise will be needed to continue this journey into the versatile world of hybrid metal/semiconductor or magnetic semiconductor spintronics which will test our ability to design magnetic materials and create ever more interesting ways to exploit the spin of the electron.
